The physical principles underlying a three-dimensional (3D) laser microstructuring technique are outlined, its applications for the fabrication of 3D (nano)micro-structured materials are presented. The direct laser writing and holographic recording in SU-8 photoresist are described. The limits of the lateral and axial light localization of a Gaussian pulse/beam at the focus are derived for the multi-photon absorption taking into account the threshold of photomodification. Prospective holographic patterns formed by interference of circularly and linearly polarized beams are discussed.
INTRODUCTION
Handling of nano-sized materials and controlling processes occurring in sub-micrometer dimensions poses many challenges. One of the "up-bottom" approaches of nano-science and technology implements macro-tools which can be used with micro-precision. For example, piezo-actuators have spatial resolution of positioning on sub-nm scale; tightly focused light can be used to position a focal spot, whose size is comparable with the wavelength, λ, with precision defined by diffraction laws. If interference of several beams is used to form a focal pattern, the entire pattern can be spatially moved by controlling phases of interfering beams. The phase change can be controlled by a tilt angle, α, of a phase retarder plate, e.g., glass plate, which defines the change of the optical path ∆x = nd/ cos α, where n = 1.5 (in a visible-to-IR spectral range) is the refractive index of cover glass and d is its thickness. Interferometric methods allows to easily reach λ/10 or better precision, which is necessary for a sub-100 nm resolution considering the actual threshold of nano-realm.
Here, we show two different approaches of laser (nano)micro-structuring of resist using direct laser writing, a technique which relies on precision of piezo-actuators and light focusing. Also, possibilities of a holographic technique will be discussed for formation of larger areas of (nano)micro-structured materials.
Three-dimensional (3D) laser nano|microfabrication using two-photon or multi-photon nonlinear absorption (abbreviated as TPA and MPA, respectively) allows recording of structures containing features smaller than the diffraction-limited resolution achievable during the formation of light intensity patterns.
1 Use of femtosecond laser pulses enables one to achieve high optical power densities required for nonlinear absorption. Moreover, it is easier to perform ultrafast photomodification of materials without significant influence of unwanted thermal effects. In general, this approach allows 3D microstructuring of materials with resolution of 0.2-1 µm. These characteristics make femtosecond laser microfabrication a highly suitable technique for the fabrication of 3D photonic crystals and their templates. Figure 1 schematically illustrates the experimental processes involved in sequential direct laser writing. The laser source is a pulsed femtosecond laser system (Hurricane, Spectra-Physics) with output wavelength of 800 nm and pulse width 150 fs. The femtosecond pulses are attenuated to energy levels suitable for recording (typically few nanoJoules) and are tightly-focused by a high numerical aperture objective lens (NA = 1.35) to inside the sample photoresist SU-8 (SU-8 NANO T M , Microchem) ( Figure 1(a) ). SU-8 is transparent at the irradiation wavelength used (800 nm), but at the focal region of the laser, the high photon density promotes nonlinear absorption of two or more photons by the photoinitiators resulting in permanent photomodification. The photomodified volume derives its ellipsoidal profile from the focal region where the ratio of the axial (d z ) to the lateral (d xy ) sizes has a typical value of 2.6 ∼ 3.0 found experimentally 2-6 ( Figure 1(b) ). This elongation has to be taken into account for during geometry definition in order to avoid excessive overlapping between adjacent features. Adjusting the laser repetition rate and the scan speed of the translation system (P517.2CL/P518.ZCL with E710.4CL, Physik Instrumente) allows continuous tracing of a latent geometrical image inside the sample material (Figure 1(c) ). The latent image usually consists of a set of pre-defined data points ported over from the computer to the translation system via a fast data link connection (IEEE 488.2). To obtain the recorded structure, the sample is first post-baked to cure the photomodifed region thermally, followed by a chemical development (using SU-8 developer) and rinse (using isopropyl alcohol) to remove the unwanted regions that are not photomodified ( Figure  1(d) ). On drying, the designated dieletric structures are left erected on the glass substrate. By optimizing the processing conditions of the photoresist and the exposure conditions, features size of 200 ∼ 300 nm can be obtained with good structural stiffness, able to support extended periodic structures with dimensions of tenths of micrometers.
EXPERIMENTAL

RESULTS AND DISCUSSION
Direct laser writing
Direct laser writing is a versatile technique that allows fast recording of almost any geometrical profile, from simple to complex ones. It is instructive to identify which region of the irradiation spot experiences fluence/intensity higher than the threshold of photo-modification (i.e., polymerization, crystalline phase change, melting, structural modification, defect formation, etc.). Though the final dimensions of photo-modified region depend on the material response they closely follows the spatial light intensity profile, especially, at the close-to-threshold conditions. Spatial intensity envelope of a Gaussian beam is
ppppppp-U 0) 01 0) J 0) 10 (2 ), and 1.35 (3 ), respectively. Refractive index at the focal point was taken n = 1.515 the typical value for silicate glasses in a IR-to-visible spectral range. where waist (radius) of the beam w 0 determines its lateral cross-section along the z-axis, and is given by:
where n is the refractive index at the focus, λ is the wavelength in vacuum, and is the Rayleigh length at which waist increases by the factor of √ 2. It is usually relevant to compare the lateral and axial dimensions of the photo-modified region and of the focal spot. According to Eqn. 6, the intensity at the lateral position characterized by r = w 0 is I 0 /e 2 , while in the axial direction intensity at the position z R is I 0 /2. Hence, it is customary to define the lateral spot size, the diameter, at the same I 0 /2-level, which is called the full-width at half maximum (FWHM). This measure is smaller than that at I 0 /e 2 -level by factor of ln(2)/2 0.59.
By setting I(r, z) = I th in eqn.1, one can find the diameter, D, and the length, L, of the focal region where the intensity exceeds the threshold value, I th :
The expressions which accounts for the non-linear absorption, the main mechanism allowing 3D nano|micro-structuring of transparent materials, can be easily obtained. If the photo-modification is dependent on the intensity as ∝ I N , then
where N is the order of nonlinear absorption. Assuming paraxial focusing conditions where optical rays propagate at small angles with respect to the optical axis, w 0 = λ/(πN A). Here, NA = 1 2f # is the numerical aperture, f # = f/a is the f-number, f is the focal distance, and a is the diameter of the beam. Beam truncation by the finite aperture of the focusing optics is not considered here. One can find, that when the intensity of irradiation exceeds the threshold by approximately 5%, lateral and axial diameters of the focal region become smaller than 30 and 90 nm, respectively (for NA = 1.35 focusing). The results of numerical simulation by eqns. 4 and 5 are plotted in Fig. 2 . Thus, with careful intensity control, TPA allows achieve spatial resolution significantly higher than the earlier confirmed benchmark value of about 100 nm, and provides an opportunity of optical 3D nano-structuring.
Although paraxial approximation becomes unsuitable for higher NA optics and non-Gaussian beams, the above insights should remain qualitatively valid in these cases as well. Since only the highest intensity (i.e., above the threshold) part of the spatio-temporal pulse envelope is important for the photo-modification, this part usually can be approximated by a Gaussian and as long as its temporal width comprises many optical cycles (at 800 nm wavelength one cycle is 2.67 fs) the above treatment remains qualitatively valid. Figure 3 shows an aberration-free intensity distribution at the focus of a typical objective lens used for direct laser writing. Calculations were carried out using a vectorial Debye theory. A spot size is elongated in the direction of polarization. In actual laser microfabrication a λ/4-plate is used to make the width of polymerized line independent on scanning direction. The critical dose at which recorded structures were still observed (though with strong distortions by capillary forces during drying) was 1.4 J/cm 2 . The high intensity required for recording is comparable with typical dielectric breakdown thresholds of plastic materials.
13, 14
Hence, the direct laser writing in SU-8 resist by pulses whose energy was larger than 1 nJ (at our experimental conditions) was due to a highly localized dielectric breakdown. The free electrons generated by the breakdown have participated in the polymerization in the same way as those formed in a process of nonlinear (two-photon) absorption. Relative contribution of the two pathways of electron generation, by the breakdown and multi-photon absorption, needs to be better understood. This is a non trivial task, since the multi-photon absorption and electron avalanche increase the free electron concentration until it reaches the breakdown (full ionization of the focal volume) during only several optical cycles.
15 This is apparent as a step-like transition dielectric -to -metal. 
Holographic recording
Holographic recording using diffractive optical element (DOE) allows to solve easily the problem of spatial and temporal overlap of recording beams.
17
Patterns of sub-mm cross-section can be recorded by few minutes exposure in SU-8 resist. Also, phase control of the beams can be easily added. 18, 19 This increases versatility of such setup and opens a possibility to form logpile structures 20 without scanning in a layer-by-layer fashion.
Here, we model prospective holographic patterns by combining linearly and circularly polarized beams. 21 The corresponding light intensity distribution at the focus can be presented by calculating a resultant interference field formed by plane waves:
where E is the E-field vector ( * designates a complex conjugate), r is the coordinate vector, k the wavevector, and n = m represents the number of interfering beams. The phases were set equal for all the simulations δ n,m = 0. Control of the phases would provide an additional avenue for fine tuning of the interference patterns as was demonstrated earlier. [22] [23] [24] Calculations were carried out for the s-polarization (perpendicular to the plane of incidence), hence there was no depolarization present, i.e., the longitudinal component E z = 0. One-dimensional patterns recorded in a low-refractive index medium can perform as a super-lens for selected directions. This is a promising feature for far-IR molecular vibrational spectrometry, where diffraction angles are small for the closely spaced spectral bands. In telecommunications, super-prism effect opens a possibility for the larger multiplexing of carrier waves. The direction and wavelength of the super-lens performance is close to those of a photonic stop-gap. The super-prism pattern should be recorded at a certain angle in order to reduce specular Fresnel losses. This can be done by interference of circularly polarized beam with the linearly polarized one as demonstrated in Fig. 6 . Such pattern could work for the beam directed along z-axis, while the required angle of tilting could be changed by modifying incidence angle of the side beam.
Four-side beams polarized linearly interfering with a central circularly polarized beam would produce a diamond-like structure (a tetragonal pattern would usually results having an axial extension larger than the lateral using the DOE-based recording 25 ). The calculated light intensity distribution is shown in Fig. 7 . The diamond-like (or logpile) patterns could be formed by using this geometry. Since only four side beams are utilized, it is easily possible to set them s-polarized using a DOE-based setup 25 by controlling polarizations of the interfering beams with λ/2-plates for side beams and λ/4-plate for the central (a linearly polarized beam is incident on the DOE).
Pattern formed by three side beams with the central (Fig. 8) has been proposed as an example of photonic structure which has the optical activity. It can be easily formed by holographic technique.
With the basic patterns demonstrated, one can easily design a required pattern by using consequent exposures. For example, addition of the counter-propagating beam would cause appearance of λ/2 modulation along chosen direction 26 as shown in Fig. 9 for the case of spiral geometry formed by 6 side beams (for comparison, Fig. 5 shows intensity field without counter-propagating central beam). The, so called, 4π-geometry of a required setup can be made using the equivalent additional DOE and focusing lens with sample set between the lenses at the focus. By two axial counter-propagating beams the pattern of λ/2-spaced planes would result for the interfering polarizations (for the circular as well). Such patterns could not be otherwise recorded without sample scan. By making several consequent exposures one can construct increasingly complex structures. The optical properties of such structures can be modeled by exporting patterns of a single cell into a finite difference time domain (FTDT) program, e.g., Lumerical can import data files of actual patterns and optical transmission can then be simulated. Periodic interconnected patterns with sub-µm sized openings are also prospective in (nano-)micro-fluidic research; can be utilized as molecular or particulate ratchets.
CONCLUSIONS
We have described the physical principles of the direct laser writing and holographic recording in resist. The resolution of the laser microfabrication has been defined for the multi-photon absorption. Patterns with feature size smaller that 100 nm can in principle be recorded in SU-8 using laser pulses at 800 nm wavelength, although in actual implementation larger rod size of around 200 nm are required for the extended structures to preserve structural integrity. This significantly surpasses the diffraction-limited resolution of approximately 720 nm at our experimental conditions. Prospective holographic patterns formed by interference of circularly and linearly polarized beams can be utilized for the photonic crystal, molecular ratchets, and super-prism applications.
